Diblock copolymers composed of poly(ε-caprolactone) (PCL) and poly(N,N-dimethylamino-2-ethyl methacrylate) (PDMAEMA), or methoxy polyethylene glycol(PEG), were synthesized via a combination of ring-opening polymerization and atom-transfer radical polymerization in order to prepare polymeric nanoparticles as an antifungal drug carrier. Amphotericin B (AmB), a natural antibiotic, was incorporated into the polymeric nanoparticles. The physical properties of AmB-incorporated polymeric nanoparticles with PCL-b-PDMAEMA and PCL-b-PEG were studied in relation to morphology and particle size. In the aggregation state study, AmB-incorporated PCL-b-PDMAEMA nanoparticles exhibited a monomeric state pattern of free AmB, whereas AmB-incorporated PCL-b-PEG nanoparticles displayed an aggregated pattern. In in vitro hemolysis tests with human red blood cells, AmBincorporated PCL-b-PDMAEMA nanoparticles were seen to be 10 times less cytotoxic than free AmB (5 µg/ml). In addition, an improved antifungal activity of AmBincorporated polymeric nanoparticles was observed through antifungal activity tests using Candida albicans, whereas polymeric nanoparticles themselves were seen not to affect activity. Finally, in vitro AmB release studies were conducted, proving the potential of AmB-incorporated PCL-b-PDMAEMA nanoparticles as a new formulation candidate for AmB.
Amphotericin B (AmB), an amphoteric macrocyclic natural antibiotic, is known to bind strongly to sterol components, such as ergosterol, in susceptible fungal cell membranes and to induce changes in permeability that can substantially induce lethal cell injury [10, 12, 24] . Since AmB has a broad antifungal spectrum activity, it is one of the first considerations for standard antibiotic therapy when faced with life-threatening fungal infections, such as visceral leishmaniasis and mucocutaneous leishmaniasis, amongst others [3] . Although there are well-known side effects of AmB, such as nephrotoxicity, which limit its clinical usage, AmB is also a useful antibiotic for the treatment of systemic fungal infections [7] . Other major drawbacks of AmB include poor aqueous solubility and its amphiphilic properties [2, 6] . Owing to its amphiphilic nature, AmB can easily be aggregated in an aqueous solution in a micellar form, and it is known that the toxic side effects of AmB are closely related to its aggregated form [2] . For this reason, AmB should be completely solubilized in an aqueous solution in a monomeric state to make it therapeutically active and less cytotoxic to the human body. Commercially available Fungizone toxic side effects and has proved less effective on immunocompromised patients [9] . Liposome preparations of AmB (Amphotec TM and Abelcet R ), also commercialized, are known to be less toxic than Fungizone R [21, 25] . Another candidate for AmB formulation is AmBisome R , a liposomal preparation. AmBisome R is known to be less toxic than other kinds of AmB liposomal formulations, and it is possible to increase the doses of AmB without correspondingly producing more pronounced toxic side effects. Larabi et al [18] reported that a lipid formulation of AmB exhibited reduced intrinsic toxicity in vitro and in vivo. Although many formulations of AmB are commercially available, it still remains a challenge to find a new formulation that reduces its toxicity.
In order to address this issue, we used a diblock copolymer for the preparation of AmB-incorporated coreshell type nanoparticles. Core-shell type nanoparticles have been reported as promising solubilizing agents of hydrophobic drugs, and favor drug delivery via a passive targeting mechanism, minimizing irritation at the injection site and toxic side effects. They have also been reported to have advantages when compared with conventional drug formulations such as emulsion preparations, liposomes and plain nanoparticles [16, 19] . Recently, we reported original synthesis of diblock copolymers (abbreviated as CD) composed of poly(ε-caprolactone) (PCL) and poly(N,Ndimethylamino-2-ethyl methacrylate) (PDMAEMA) via atom transfer radical polymerization (ATRP), which is one of the most robust controlled/"living" radical polymerization methods, using an optimized catalyst/ligand system [5] . PDMAEMA is a weak polybase polymer (pk a ~7.0), which is soluble both at a neutral pH and in acidic medium, owing to protonation of the tertiary amine groups, and displays a well-marked polyelectrolyte behavior in water [22] . PDMAEMA (co)polymers have been extensively used as DNA binding agents either as pure compounds or as mixtures in nonviral systems, forming so-called polyplexes related to gene delivery systems, and are of particular interest in the field of gene therapy [8] . We hypothesized that the PDMAEMA component in the CD diblock copolymer would form the hydrophilic outer-shell of the core-shell type nanoparticles owing to its aqueous solubility, whereas PCL would form the inner core of the polymeric micelle because of its hydrophobic properties. To the best of our knowledge, this represents the first such formulation of AmB-incorporated CD nanoparticles prepared by ATRP.
In the present work, we studied the physical properties of AmB-incorporated nanoparticles with CD by way of comparison with PCL-b-methoxy poly(ethylene glycol) (abbreviated as CE) in relation to morphology, particle size, and aggregation states. Furthermore, examinations of the hemolysis and antimicrobial activities in vitro, in addition to drug release studies, were also conducted.
MATERIALS AND METHODS

Materials
AmB and methoxy poly(ethylene glycol) (PEG, M n =5,000 g/mol) were acquired from Sigma (St. Louis, USA). Dialysis membranes with a molecular weight cutoff (MWCO) of 8K and 12K g/mol were purchased from Spectra/Pro Membranes. Methanol (MeOH) and dimethyl sulfoxide (DMSO) were of HPLC grade and used without further purification. ε-Caprolactone (Acros), toluene (Labscan), and THF (Labscan) were dried over calcium hydride for 48 h at room temperature and distilled under reduced pressure prior to use. 
Synthesis of PCL-b-PEG (CE) Diblock Copolymers
The CE diblock copolymer was prepared as previously described [15] . Briefly, PEG and ε-caprolactone were mixed in a roundbottomed flask under vacuum. The mixture was cooled and degassed with a pump. The round-bottomed flask was then sealed off and placed in an oil bath at 180 o C. After the polymerization was completed, the resulting product was cooled at room temperature and then dissolved in methylene dichloride. The solution was precipitated into an excess amount of cold ethanol and filtered to remove unreacted PEG homopolymer and ε-caprolactone monomers. The precipitates were washed with diethyl ether three times and then dried in a vacuum oven for 3 days.
Synthesis of Poly(ε-caprolactone)-b-PDMAEMA (CD) Diblock Copolymers CD diblock copolymers were obtained by way of a three-step technique protocol as has previously been described [5, 22] . In a typical experimental run, all equipment was initially flame-dried, resulting in a clean airtight system. Particular attention was given to the bottom flask equipped with a three-way stopcock and a rubber septum. The flask was cleaned, dried, and then purged with nitrogen , 0.83 M in toluene] was added. After 30 min, a few drops of an aqueous HCl solution (1 M) were added in order to stop polymerization. The polymer was then selectively precipitated in a large volume of cold heptane, filtrated, and dried under reduced pressure until a constant weight was observed. All residues were extracted by using the liquid/liquid extraction method, washing the polyester solution in chloroform once with an aqueous EDTA acid solution (0.1 M) buffered at pH 4.8 and then twice with water. The organic layer was finally poured into cold heptane to recover the α-isopropyloxy ω-hydroxy poly(ε-caprolactone) (PCL-OH) by precipitation. PCL-OH (30 g) was dissolved in 100 ml of THF with 3.8 ml of triethylamine. Br i BuBr (3.4 ml) was then added dropwise to the solution. Triethylamine was used to trap the hydrobromic acid produced as an insoluble ammonium salt and thus completely displace the equilibrium. The reaction was carried out in a roundbottom flask under atmospheric pressure for 72 h at room temperature. Afterward, the PCL-Br in THF solution was filtered to remove the ammonium salt, precipitated in cold methanol, and then dried at 40 o C. The CD diblock copolymers were synthesized by controlled ATRP of DMAEMA using the brominated macroinitiator (PCL-Br). For example CD-1 was prepared in THF at 60°C in the presence of a CuBr/HMTETA catalyst system under a nitrogen atmosphere. The system must be oxygen-free so as to prevent (poly)peroxide formation and transfer reactions. The catalytic system was placed in the system purged of oxygen by three repeated vacuum/nitrogen cycles. THF (10 ml) and the PCL-Br (1.75 g) initiator were placed in a second round-bottom flask, with nitrogen bubbling. The DMAEMA monomer (2. Preparation of AmB-Incorporated Nanoparticles Empty nanoparticles of CD or CE diblock copolymer were prepared as follows: 40 mg of block copolymer was dissolved in 5 ml of acetone. This solution was dropped into 20 ml of deionized water for 10 min to form nanoparticles and then stirred for an additional 10 min. This solution was introduced into a dialysis tube (MWCO of 8K g/mol) and dialyzed against deionized water for 24 h to remove solvent. Deionized water was exchanged at intervals of 1 h for 3 h and then exchanged at 3 h intervals for 21 h. Finally, the dialyzed solution was filter-sterilized with a 1.0-µm syringe filter and then lyophilized or analyzed.
AmB-incorporated nanoparticles were prepared as follows: 1 or 2 mg of AmB was dissolved in 2 ml of MeOH and this solution was then slowly dropped (0.1 ml for 10 min) into 10 ml of empty nanoparticle solution (4 mg polymer nanoparticles/ml distilled water). This solution was stirred gently for 30 min and the solvent was removed, under reduced pressure, using a rotary evaporator. To remove residual solvent, the solution was introduced into a dialysis tube and dialyzed against 1 L×10 of deionized water during 24 h by following the aforementioned purification procedure to purify and sterilize the AmpB-incorporated nanoparticles.
For evaluation of drug contents and loading efficiency, 5 mg of AmB-incorporated nanoparticles were dissolved in 10 ml of DMSO and further diluted 10 times with DMSO. The AmpB concentration was evaluated using a UV spectrophotometer (UV spectrophotometer 1201; Shimadzu Co., Japan) at 388 nm. Empty nanoparticles were used as a blank test.
Morphology Analysis
The morphology of the nanoparticles was observed using a transmission electron microscope (TEM, JEOL JEM-2000 FX II, Japan). A drop of nanoparticle suspension containing phosphotungstic acid [0.05% (w/w)] was placed onto a carbon film coated on a copper grid for the TEM. The observation was done at 80 kV.
Particle Size Measurement
The particle size of the nanoparticles (1.0 mg/ml solution) was measured by photon correlation spectroscopy (PCS) (Zetasizer 3000; Malvern Instruments, UK) with an He-Ne laser beam at a wavelength of 633 nm at 25 
Aggregation State of AmB
For evaluation of aggregation properties in the nanoparticles, AmB was first dissolved in DMSO and diluted with deionized water [final DMSO concentration: 1% (v/v)]. Lyophilized nanoparticles, prepared as mentioned above, were reconstituted into deionized water and diluted with deionized water to a 5 µg AmB/mL concentration. Samples containing 5 µg/ml of AmB were used to measure UV spectra by a UV spectrophotometer.
In Vitro Drug Release Study
The in vitro release experiment was carried out as follows: 5 mg of lyophilized nanoparticles of CD, or CE copolymer, was reconstituted into 5 ml of phosphate-buffered saline (PBS, 0.1 M, pH 7.4) and then introduced into a dialysis tube (MWCO of 12K g/mol). The dialysis tubes were placed in a 200-ml bottle with 95 ml of PBS, and the media stirred at 100 rpm at 37 o C. At specific time intervals, the medium was taken for analysis of drug concentrations. Next, the whole medium was replaced with fresh PBS to prevent drug saturation. The medium was diluted 10~100 times with DMSO, and the concentration of the AmB released was determined using a UV spectrophotometer at 388 nm. The properties of the UV spectrum of AmB in DMSO did not change in the range of 0.1~10 µg/ml. Therefore, we diluted the release medium with DMSO to this range for drug concentration estimation using a UV spectrophotometer.
In Vitro Hemolytic Activity
The hemolytic activity of the nanoparticles was evaluated by methods previously reported by Lavasanifar et al. [19] . Collected Drug contents drug weight in the nanoparticles 
RESULTS AND DISCUSSION
Charaterization of CE and CD Diblock Copolymer A CE diblock copolymer was synthesized by a noncatalyzed ring-opening polymerization of ε-caprolactone in the presence of PEG. CD diblock copolymers were prepared following the three-step synthesis strategy summarized in H-NMR and GPC characterization are summarized in Table 1 .
Preparation of AmpB-Incorporated Nanoparticles
AmB-incorporated nanoparticles were prepared by a partitioning of the drug into preformed nanoparticles following solvent evaporation and dialysis purification by the methods described above. The morphologies of resulting nanoparticles were observed using TEM as shown in Fig. 3 . AmB-incorporated nanoparticles of CLE, CD-1, Fig. 2 . Synthesis scheme for the CD diblock copolymer. In the case of CE diblock copolymer, M n of PEG block was 5,000 g/mol (Sigma Co. Ltd., U.S.A.).
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and CD-2 nanoparticles, were seen to be spherical in shape in their morphology, and their size was observed to be between 30~100 nm. Their particle sizes from TEM images were not significantly different from the results of the latter particle size measurements (Fig. 3) . The feeding amount of the drug was varied and different kinds of copolymer were used to incorporate AmB. As shown in Table 2 , all formulations had a loading efficiency of more than 40% (w/w). In the case of CD-2, higher feeding amounts of AmB induced higher drug contents, but the loading efficiency correspondingly decreased. In the case of CE block copolymers, the loading efficiency of AmB was slightly higher than CD-2 nanoparticles. Interestingly, a higher drug content induced a larger particle size, indicating that increases of the drug in the nanoparticle's core might induce increases in particle size. Similarly, Choi et al. [6] reported that increases in drug contents induced increases of particle size. This tendency is also reported by several other authors [14, 15] . In particular, hydrophobic agents are known to form aggregates in the nanoparticle core at higher drug contents [11] and this phenomenon is thought to be related to the increase in particle size. We also observed that a higher PDMAEMA block length induced a lower loading efficiency of the drug. At all formulations, the loading efficiency was lower than expected. It may be difficult for the drug to penetrate into the inner core of the nanoparticles in water/methanol mixtures, and this fact may contribute to a decrease in loading efficiency. Although it was noted that increases in drug contents accordingly led to increases in particle size, it was observed that changes in PDMAEMA block length did not significantly affect the particle size. Compared with TEM observations, the average particle size of AmB-CD-2 nanoparticles measured by PCS was relatively larger. This result might be due to the fact that the PDMAEMA block may exist in a swollen state in an aqueous condition.
Aggregation State of AmB
The antifungal activity and toxicity of AmB is known to depend on its aggregation state [4, 13, 20, 23, 26] . When AmB is aggregated in an aqueous solution, it causes nonselective toxicity to the mammalian cells, and forms pores in mammalian cells and fungal cell membranes [4] . Furthermore, the aggregated form of AmB not only increases the intrinsic cytotoxicity against mammalian cells but also lowers the antimicrobial activity against microbial pathogens. On the other hand, the monomeric form of AmB is nontoxic to mammalian cells, whereas it causes leakage of fungal cells through selective interaction with ergosterol. In other words, monomeric AmB exhibited higher antimicrobial activity and less cytotoxicity than the aggregated form of AmB [6, 9, 21] . Fig. 4 and 5 illustrate the UV spectra of free AmB and AmB-incorporated polymeric micelle nanoparticles. The spectrum changed significantly according to the aggregation state of AmB. When AmB was present as a monomeric form in the DMSO, it exhibited an intrinsic UV spectrum, as shown in Fig. 4a . The absorption spectrum of free AmB is composed of four characteristic peaks, such as those seen at 350, 368, 388, and 412 nm. The aggregation status of AmB can be evaluated from these characteristic peaks.
When free AmB is in an aqueous solution, it must be severely aggregated and the spectrum is quite different, as seen in Fig. 4b . This aggregated state of free AmB in an aqueous environment is primarily characterized by a broad peak at 320~350 nm and three peaks between 350~420 nm. AmB-incorporated CE nanoparticles (AmB-CLE) exhibited a higher aggregation state, in aqueous solution, than free AmB when observed through the use of a UV spectrum (Fig. 4c) . This might be due to the fact that AmB can be hydrophobically aggregated in the inner-core of the CE nanoparticles. UV spectrum analysis of AmB-CLE nanoparticles in DMSO had similar results to those of free AmB in DMSO (Fig. 4d) . Compared with AmB-CD nanoparticles, AmB-CD-1 nanoparticles exhibited a similar spectrum in aggregated states, even if it appeared to be different from free AmB and AmB-CE nanoparticles. Specifically, the UV spectrum of AmB-CD-1 nanoparticles was seen to continuously increase until 320 nm. These results might be due to the intrinsic UV absorption properties of CD-1 nanoparticles, as shown in Fig. 5(b) , whereas empty CD-2 nanoparticles have a relatively weak UV intensity. On the other hand, AmB-CD-2 nanoparticles in an aqueous solution displayed a different pattern in the UV spectrum ( Fig. 5c and 5d ) when compared with free AmB, AmB-CLE, and AmpB-CD-1 nanoparticles. They exhibited some similarities to a monomeric state of free AmB, as observed in DMSO (Fig. 4a) in the UV spectrum at 350~420 nm, even though the range of 320~350 nm in the UV spectrum is quite similar to that seen in the aggregated states. These results indicate that AmB-CD-2 nanoparticles may contribute to the decrease of aggregation of AmB in aqueous solutions even though some of them are aggregated in the nanoparticle core, as shown in Fig. 5(d) . We suggest that the reason for a decreased aggregation of AmB in the case of AmB-CD-2 nanoparticles relies upon two factors. First of all, the lower drug contents of AmB-CD-2 nanoparticles can contribute to a decrease of AmB aggregation, and AmB is more likely to exist in a stage of molecular dispersion in the nanoparticle core. Generally, water-insoluble drugs aggregate and crystallize in the core of core-shell type nanoparticles with higher drug contents [11] . Adams et al. [1] reported that polymeric micelles composed of poly(ethylene oxide)-block-poly(β-benzyl-L-aspartate) were effective at decreasing intrinsic cytotoxicity and to increasing the antifungal activity of AmB [26] . In the latter report, they attained this efficacy of AmB-incorporated polymeric micelles through the control of the chain length of block copolymers. A derivative of this could be that longer hydrophilic chains, such as PDMAEMA blocks, may contribute towards the favorable solubilization of the drug into the nanoparticle core. It has also been reported that polymeric micelles composed of poly(ethylene glycol)-block-poly(ε-caprolactone-cotrimethylenecarbonate) could prevent the aggregation of AmB, and that the aggregation states of AmB could be changed by altering the preparation method, thus lowering cytotoxicity [23] . We also observed the prevention of AmB aggregation with CD block copolymer nanoparticles in an aqueous environment. As AmB-CE nanoparticles showed an aggregated pattern in the UV spectrum, further investigations were focused directly on the CD nanoparticles. At this time, the reason for the favorable aggregation of AmB in CD nanoparticles is not entirely clear. Bougard et al. [5, 27] reported that CD block copolymers form a selforganized structure in an aqueous solution in correspondence with physiological changes in the aqueous environment. Furthermore, the introduction of PDMAEMA blocks to the copolymers is known to impart hydrophilicity to the synthesized copolymers, allowing the copolymers to have favorable assembling properties in the physiological environment. We suggest that CD block copolymers may have favorable assembling properties with AmB, and hence their nanoparticles exhibit favorable physicochemical properties.
In Vitro Drug Release Study Fig. 6 represents the release profile of AmB from AmB-CD nanoparticles in the outer aqueous phase. AmB-CD-2 nanoparticles exhibited a more than 70% (w/w) [drug contents 3.7% (w/w)] or 80% [drug contents 2.1% (w/w)] of drug release in 1 day, whereas AmB-CD-1 nanoparticles showed less than 60% of drug release. When using hydrophobic drugs, a similar phenomenon that higher drug loading contents give a slower release rate has been observed by several authors [11, 14, 17] . Since AmB is a hydrophobic drug, it can be aggregated in the nanoparticle core at higher drug contents due to the hydrophobic interaction, whereas molecular dispersion is expected at low drug contents. Molecular dispersion of the drug in the nanoparticles may induce a relatively faster release rate of the drug.
In Vitro Hmolytic Activity Hemolysis was induced by different concentrations of AmB in order to evaluate the toxicity of AmB-CD nanoparticles. As shown in Fig. 7 , free AmB treatment induced almost 90% hemolysis at 5 µg/ml, whereas nanoparticle treatment resulted in a lower than 40% hemolysis. In particular, AmB-CD-2 nanoparticles displayed very low hemolysis activity. In the case of AmB-CD-1 nanoparticles, hemolysis was seen to gradually increase according to increases in drug concentrations, and the extent of hemolysis became almost similar to that of free AmB treatment at 25 µg/ml. AmB-CD-2 nanoparticle treatment showed a lower hemolysis activity than AmB-CD-1 and free AmB treatment at all of the concentrations used with AmB-CD-2 nanoparticles exhibiting a lower than 40% hemolysis at 25 µg/ml. It is thought that the reason for a higher hemolysis activity for AmB-CD-1 nanoparticle treatment is due to the aggregated state of AmB in the nanoparticles. In the case of AmB-CD-2 nanoparticles, AmB exists in a monomeric state in the nanoparticles and this fact may be the reason for a lower hemolysis activity. Furthermore, AmB-CD-1 nanoparticle treatment in the low concentration range revealed a lower hemolytic activity than that of free AmB, even if the UV spectrum of AmB-CD-1 nanoparticles revealed a partially aggregated state of AmB. This result might be due to the sustained function of the polymeric micelle.
In Vitro Antifungal Activity
The antimicrobial activity of AmB-CD nanoparticles was evaluated with Candida albicans and the results are presented in Table 3 . The MIC of AmB-incorporated nanoparticles was seen to be almost similar to that of free AmB, whereas empty nanoparticles had a significantly higher MIC value. This indicates that AmB-incorporated nanoparticles have a similar antimicrobial potential to free AmB itself, but that the polymer did affect the antimicrobial potential. The antimicrobial activity potential between AmB-CD-1 and AmB-CD-2 did not significantly change, although the hemolytic activity was noted as being quite different. From these results, AmB-CD nanoparticles can be considered as superior candidates for the role of antimicrobial drug carriers.
In conclusion, diblock copolymers composed of PCL and PDMAEMA were synthesized, via the controlling ring-opening and ATRP methods, in order to produce effective drug delivery vehicles for AmB. AmB was incorporated into the polymeric nanoparticles of CD and CE block copolymers. The UV spectrum of AmB-CLE nanoparticles showed an aggregated pattern of free AmB, whereas AmB-CD nanoparticles exhibited a monomeric configuration. In preliminary in vitro studies, AmB-CD nanoparticles displayed a lower cytotoxicity, and similar antifungal activity, as that of free AmB. This means that the aggregation of AmB was prevented in the CD nanoparticles. Increases in the molecular weight of PDMAEMA resulted in increases in the observed effectiveness. This study has thus shown the potential of CD diblock copolymers as promising candidates for the prevention of aggregation in AmB formulation. 
